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Abstract

This paper presents a generalized Bezout theorem which can be used to determine a
tighter lower bound of the number of distinct points of intersection of two or more curves
for a large class of plane curves. A new approach to determine a lower bound on the
minimum distance (and also the generalized Hamming weights) for algebraic-geometric
codes defined from a class of plane curves is introduced, based on the generalized Bezout
theorem. Examples of more efficient linear codes are constructed using the generalized
Bezout theorem and the new approach. For d = 4, the linear codes constructed by the
new construction are better than or equal to the known linear codes. For d > 5, these
new codes are better than the known codes. The Klein code [22, 16, 6] over GF(2%) is
also constructed.

Index Terms: algebraic-geometric codes, linear codes, minimum distance, generalized
Hamming weights, Bezout’s theorem.

1 Introduction

The minimum distance is one of most important parameters in error-correcting codes. It is
a measure of the code’s capacity to correct errors or detect errors or both [1]. The minimum
distance d of a linear code C is defined by

d = min {d(u,v)},
u,veC
u#v

where d(u, v) expresses the Hamming distance between u and v.
From this definition, we have the following lemma.
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Lemma 1.1 Let C be an (n, k) linear code and H be a parity check matriz. If any (d* —1)
columns of H have rank (d* — 1), then the minimum distance d is at least d*, 1. e., d > d”.

Recently, another important sequence of parameters called the generalized Hamming
weight hierarchy of linear codes was introduced by V. K. Wei [2]. Currently, at least four
practical motivations for studying the weight hierarchies are known. The generalized Ham-
ming weights are useful in two cryptographical applications (wire-tap channel and t-resilient
function [2]), in trellis coding (lower bounding the number of trellis states [3-4]), and in trun-
cating a linear block code [5]. Recently, G. D. Forney has shown that the dimension/length
profile (DLP) of a linear code is equivalent to its generalized Hamming weight hierarchy
[33]. Forney pointed out that these two concepts should be regarded as parts of the same
subject and that these concepts can be used to easily prove some known results and further
derive new results. Many interesting questions arise on weight hierarchies of linear codes.
Hence, research on this topic is very active. Here we review some basic definitions. Let C
be an (n, k) linear code and D be a subcode. The support of D, denoted \(D), is the set
of the not-always-zero bit positions of D, i.e., x(D) := {i: there is a (2, 22, ....,2,) € D,
x; # 0}

Following this definition, an (n, k) code is a binary linear code of rank or dimension &,
and support size < n. The h-th generalized Hamming weight of C' is then defined to be
dn(C) := min{|x(D)| : D is an h-dimensional subcode of C'}. It is easy to see that d,(C)
denotes the traditional minimum distance or minimum Hamming weight of the code. The
weight hierarchy of C can then be defined to be the set of integers {dx(C) : 1 < h < k}.
From the definition, we have the following lemma.

Lemma 1.2 ([7]): Let C be an (n, k) linear code and H be a parity check matriz. If any
(d* — 1) columns of H have rank (d* — h), then the h-th generalized Hamming weight d,(C)
is at least d™, i. e., dp(C) > d*.

When h = 1, Lemma 1.2 reduces to Lemma 1.1. It is very difficult to use Lemma 1.2
directly to determine the lower bound d*. In the following we introduce a new concept and
reduce Lemma 1.2 to another form, which allows d* to be more easily determined.

Let vy, va, ..., vp, and u be n-tuple vectors. If there are p coefficients ¢; such that
u+3°" | ¢;vi = 0, where 0 is the zero vector, then we say that u is totally linearly dependent
on vectors vy, Vg, ..., V. Sometimes, u may be linearly dependent on the vectors for only

some of the components (i.e., locations). Then u is said to be partially linearly dependent
on the vectors v; for 1 < i < p. The maximal possible number of those components (i.e.,
locations) can be used to measure the linear dependence of the vector u on the vectors v;,
for 1 < ¢ < p. The number of components, for which u is partially linearly dependent on
the vectors, is called the dependent-degree of u on v;, for 1 < ¢ < p. Apparently, if the
dependent-degree is equal to n, then u is totally linearly dependent on v; for 1 <: < p.

Example 1.1 Let u = (1,1,1,0,0),v; = (1,0,0,1,1) and v, = (0,1,1,1,0) over GF(2).
Then u+ vy + vz = (0,0,0,0,1), u+vy; = (0,1,1,1,1), u+ vy = (1,0,0,1,0), and u =
(1,1,1,0,0). From these four vectors, we see that the vector (0,0,0,0,1) has the mazimum
number of zeros (= 4). Hence, the dependent degree of u on v, and v, is equal to 4.



We generalize this concept to the case of a sequence of vectors u;. Let us consider two
sequences of vectors u; for 1 < ¢ < p, and vectors v; for 1 < j < ¢. Let there be some
components, on which u, (1 < u < p) are partially linearly dependent on v; for 1 < j <gq
and u; for 1 < ¢ < u. The number of such components can be used to measure the consistent
linear dependence of the vector uy, ..., u, on vectors v; for 1 < j < ¢. The maximal possible
number of such components is called the consistent dependent-degree of u,, ..., u, on the
vectors v; for 1 < j < q.

Example 1.2 Let u; = (1,1,1,0,0), uz = (0,1,1,0,1), v = (1,0,0,1,1) and v, =
(0,1,1,1,0) over GF(2). Since u;+vy = (1,0,0,1,0), uz+vy+vy = (1,0,0,0,0), they have
zeros at the second, third, and fifth components, and it can be easily checked that at most
three components have zeros simultaneously. Therefore, the consistent dependent-degree of
u;, uy on vy and vy is equal to 3.

For a sequence of linearly independent vectors {vy, v, ..., V., ...}, let v express a linear
i—1

combination v; + 37}

CuVy.

Definition 1.1 D+ ...+ } denotes the mazimal consistent dependent-degree of a set of
1y PTip

{vi,, Vi, } on their previous vectors, respectively, i.e., D{":l

2Ty

v} denotes the mazrimal
tp

number of components (i.e., locations), on which Vi for 1 < u < p are all zero simultane-
ously.

[}

Definition 1.2 D;r) = max{Dyyr ..y 3l < <ip <Th
t] lp

Remark (1): Let C, be an (n,n — r) linear code defined by a parity check matrix H, =
[hy,...,h,])7, i.e. the parity check matrix has r rows. Then DLV) =n - d,(C}), where C}
is the dual code of C,, and d,(C;+) is the p-th generalized Hamming weight of C;-.

Using this concept, the determination of the generalized Hamming weights reduces to
the calculation of D,(,r) for any given r vectors of a parity check matrix H. We have the
following theorem:

Theorem 1.1 For a linear code C, defined by H,, i.e., the parity check matriz has r rows,
if the consistent dependent-degree of any (r — d* + h + 1) rows of H, is always less than
(d* - 1), e, Dﬁ';)d.+h+1 < d* — 1, then the h-th generalized Hamming weight dn(C,) is at
least d*, i.e., dp(Cy) > d*.

Proof: Assume that there is a submatrix consisting of (d* — 1) columns of H, with rank
(d* — v), where v > h + 1. Then there are (r — d* + v) rows, which are linearly dependent
on their previous rows, i.e. the consistent dependent-degree of these (r — d* + v) rows is at
least (d* — 1). Thus, there are (r — d* + h + 1) rows, the consistent dependent-degree of
which is at least (d* — 1), i.e., D,(f_)d.+h+1 > d* — 1. This is a contradiction. Therefore, the
rank is at least (d* — h). Using Lemma 1.2, the h-th generalized Hamming weight of C; is
at least d*. 0O



Corollary 1.1 Consider a linear code C, defined by H,, i.e., the parity check matriz has
r rows. If the consistent dependent-degree of any (r — d* +2) rows of H, is always less than
(d* - 1), ie., Dir_)d.” < d* = 1, then the minimum distance d of C, is at least d~, i.e.,
d>d".

Let LS be a set of distinct points in a plane or a set of distinct roots of a plane curve
(i.e. a polynomial). Let LS = {(z1,y1), (z2,¥2), - (Zn,¥n)} and let h(z, y) be a polynomial
(or monomial), then a vector (h(z1,y1), (22, ¥2), ---s A(Tn, yn)) is called an evaluated vector
of polynomial h(z,y) on the set LS. Hereinafter, sometimes v; expresses an evaluated
vector and sometimes it expresses a polynomial or a curve if no confusion arises. Thus,
from Definition 1.1, D{‘,‘-1 vt ) denotes the number of distinct points of the intersection of

curves vi =0,..,vi =0 for the case of LS being the set of all points in a whole plane, or
denotes the number of distinct points of the intersection of curves vi =0, .. v;‘p =0, and
f(z,y) = 0 for the case of LS being the set of all points on the curve f(z,y) = 0. Similarly,
D;,r) for a given sequence of evaluated vectors expresses the maximal possible number of
distinct points of the intersection of p curves among the first r curves of the given sequence
of curves. Therefore, the calculation of D,(;r) reduces to the calculation of the number of
distinct points of intersection of several curves. Bezout’s theorem is the most well-known
theorem that can be applied to solving the problem of determining the number of points of
the intersection of two curves.

The organization of this paper is as follows. In the next section, we present a generalized
Bezout theorem, which can be used to determine an upper bound of the number of points
of intersection of several plane curves. We also derive some properties of D{‘,'.1 Vi) and

D,E,r). In Section III, we use the generalized Bezout theorem to derive a lower bound for
the generalized Hamming weights of the algebraic-geometric codes derived from a large
class of plane curves. In Section IV, we introduce a new construction, by which many more
efficient linear codes (include the algebraic-geometric codes) can be easily constructed. Some
conclusions are included in Section V.

2 Generalized Bezout Theorem

In this section, we first introduce Bezout’s theorem. Then we derive a generalized Bezout

(r)

theorem and some properties of Dy= _ ,» ) and Dy, which are useful for the next sections.
T p

Theorem 2.1 (Bezout) [15] Let F(X,Y,Z) and G(X,Y, Z) be two plane curves without
common components, i.e., F and G are homogeneous forms of degree n and m, respectively,
with no common factors. Then the intersection of F(X,Y,Z) and G(X,Y, Z) has at most
mn distinct common points (X, Y, Z).

Definition 2.1 The z-resultant matriz, denoted by RM (f,g) (or RM ) of two polynomials
f(z) = apz™ + az" 4 4 a,

g(z) = boz™ +byz™ 4 o + by



is given by the following (m + n) X {(m + n) matriz:

apg ai ..o e e an
ag a1 ... ... an
ag a [/ 77}
bo by ... ... by ,
bo by ... .. by
bo b1 ... ... bnm

and its determinant is called the z-resultant of the two polynomials and denoted by Res.(f, g)

(or R).

Theorem 2.2 f(z) and g(z) have a greatest common divisor polynomial with degree r if
and only if rank(RM(f,g)) = m+n —r.

Before giving a proof of Theorem 2.2, we introduce the following notations and lemmas.
Lemma 2.1 RM x [zrtm—1 grtm=2 2 1T =
[F(2)a™ 7, f(2)2™2, .., f(2)a, £(2), g(0)a™ ", g(@)a" e g o)z, g (2]
Lemma 2.2 ged (f(z), g(z)) = 1, if and only if rank(RM(f,g)) = m + n.

Proof: Since ged(f(z), g(z)) = 1, there exist no P(z) and Q(z) with deg P(z) < m —1 and
deg Q(z) < n — 1 such that f(z)P(z) + g(z)Q(z) = 0. And from Lemma 2.1, there exists
no non-zero linear combination of the rows of RM(f, g) to be zero vector. That implies
that RM(f, ¢) is a nonsingular matrix. O
Proof of Theorem 2.2: Assume that f(z) and g(z) have r common roots. Let h(z) = z" +
T_, ¢iz" "' be the greatest common factor of f(z) and g(z). Let f(z) = (2431, PF A P
(aoz™" + £ a;a™) and g(z) = (a7 + ey ciz™) (boa™ " + LI ).
Let f*(z) and g*(z) denote apz™ " + Y7 ajz™ "t and boz™ " + 1,7 b T,
respectively. Then f*(z) and ¢*(z) have no common roots, i.e. ged(f*(z),g"(z)) = L.
Without loss of generality, let 4%, _. # 0. Thus, RM(f, g) can be decomposed into a product
of two matrices, i.e., RM = Q x P~!, where Q is as follows:

[ ap a} .. a;_. O 0 0 O 0 ... 0]
ap aj .. a,_, 0 0 O 0 0
ag aj ... an_. 0 ... 0
bo b7 ... by_,. O 0 0 0 0 ... 0|’
bo b7 ... b, 0 0 O 0 ... 0
! bo  bi o U, O . O




and P~1 is as shown:

1 ¢ ¢ C2 C1
1 Cy Cr_1 .- Cy C
1 Cy Cr—1 ... C2 C1

1 Cr Cr-1 Cr-2

1 Cyp Cr_1
1 ¢,
1

- -

The matrix P! is a nonsingular matrix. The last r columns of the matrix @Q are all
zero. The other n + m — r columns form a submatrix denoted by Q. If we delete the last
r rows from ', the upper part consists of the first m — r rows of @)', then we obtain the
following matrix:

RM(f*(z), 9"(2))

e B e I e I e B
S oo o oo

0 ... o b

m-—-r 4

Since ged (f*(z),¢"(z)) = 1, using Lemma 2.2, the left upper submatrix is a nonsingular
(m+mn-2r) x (m+n—2r) matrix. On the other hand, b%,_, # 0. Hence the matrix Q" is a
full rank matrix. Therefore, rank(Q) = n+m —r, i.e., the rank(RM) is equal ton+m —r.

Conversely, if rank(RM) = n + m — r, then from Lemma 2.2, f(z) and g(z) have the
greatest common divisor h(z) = 2" + ZL‘:I d;z"‘“, where »* > 0. Then, using the above
proof, the rank(RM) = n+m —r*. Thus, r* = r. This completes the proof of Theorem 2.2.
O

For convenience in the following discussion, we define

ﬂ()) = fE (ao,al, ...,an,O, ...,0),
where on the rightmost side there are (m — 1) 0’s, and
f-“) = (0, ...,0,aq, a3, ..., @y, 0, ..., 0),

where on the leftmost side there are ¢ 0’s (0 < ¢ < m — 1) and on the rightmost side
there are (m — ¢ — 1) 0’s. Thus, the above matrix consists of the vectors f-(“) and g, for
0<pu<m-land0<A<n-1

Sometimes the z-resultant is called the Sylvester resultant because it was introduced by
Sylvester [16]. In his paper, Sylvester showed that Res.(f,g) = 0 if and only if either ag =
bo = 0 or if f and g have a common root.



The coefficients of f and g could be polynomials in y. We could have:
flz,y) = ao(y)z™ + ar(y)2™ ! + - + am(y),

g(z,y) = bo(y)z™ + bi(y)z™ ™' + -~ + ba(y).

Then for R(y) = Res.(f,g) and for any value 8 of y we would have R(3) = 0 if and only
if either ag(83) = bo(3) = 0 or f(a,8) = g(a, 3) = 0 for some a. Thus, the roots of R(y)
= ( are the projections of the points of intersection of f and g. In fact, the resultant
gives more precise information. Namely, if the order of the zero 3 of R(y) is e, i.e., if
R(y) = (y — 8)*D(y) with D(8) # 0, then counting properly, there are exactly ¢ points of
intersection of f(z,y) and g(z,y) lving on y = 3. If it is not counted properly, there are at
most e distinct points of intersection of f(z,y) and g(z,y) lving on y = 3. Therefore, we
have the following theorem.

Theorem 2.3 The number of distinct points of intersection of two polynomials f(x,y) and
g(z,y) without common components is at most equal to the degree of their resultant R(y).

Proof: If 3 is a root of R(y) = 0 and its order is equal to r, then the r — resultant matrix
RM (3) has rank n+m —r. From Theorem 2.2, there are at most r distinct values (denoted
by a) of z such that (a, 3) are the points in the intersection of f(z,y) =0 and g{z,y) =0,
i.e., there are at most r common roots with y = 3 of f(z,y) = 0 and g(z,y) = 0. Thus,
for each root 3 with an order r of R(y) = 0, there are at most r distinct points («, 3) in
the intersection of f(z,y) = 0 and g(z,y) = 0. On the other hand, the summation of all
root orders of equation R(y) = 0 is equal to the degree of R(y). Therefore, the number of
distinct points in the intersection of f(z,y) = 0 and g¢(z,y) = 0 is at most the degree of
R(y). The proof of Theorem 2.3 is completed. o

From Theorem 2.3, the Bezout theorem can be derived. If f(z,y) and g¢(z,y) have
no common components, then their resultant R(y) is not identical with zero. Thus, deg
R(y) > —oo, we define deg 0 = —o0.

Now we will generalize Theorem 2.2. Let us consider p curves in affine plane curves
without common components, i.e., f,(z,y) = 0 for p = 1, 2, ..., p. Without loss of
generality, deg, fi > deg,f; > --- > deg.f,, and let deg.fi = m and deg.f; = n, where
deg. f, indicates the maximal ¢ such that the monomial z'y’ is a term in f,. We define the
z-resultant matrix of these p curves or polynomials as the following ¥ X (m 4 n) matrix,



where £ =37 _ (m+n —deg,f,) and s = degz fp:

pu=1

[ a((]l) a(ll) . .. ag,i) 0 . .0 ]
0 aél) a(ll) .. . asrll) 0
0 0 0 af)l) ot aﬁ,ll)
a(()2) a(12) . o dP o 0 0
0 ag‘)) a(lz) .o at? 0 . .0
0 0 0 o P . &P
a(p) a(lp) . . a,(sp) 0 0 0
0 aép) a(lp) .o aﬁ”) 0 . . 0

| 0 0 . .o 0 aép) a(lp) . a&”) i

Let R(y) = Res;(f1, f2, -+, fp) be the non-zero determinant of the nonsingular submatrix
with the smallest degree of y of the z-resultant matrix. Similar to the proof of Theorem 2.3,
we have the general theorem as follows.

Theorem 2.4 The number of distinct points of the intersection of f,(z,y) without common
components, for p = 1,2,...,p, is at most equal to the degree of their resultant R(y), i.e.,
degR(y).

In order to get an upper bound of degR(y), we introduce a new concept. Among the f’s
with the same degree of z, we select one. Thus, we can select fy,, for p = 1,2,...,¢(< p),
such that deg; f, > degzfx,,,, { degzfr,l0 = 1,2,...,q} = {degzfult = 1,2,...,p} , and f\,
have no common components. We define the z-partial resultant matrix of these p curves or
polynomials as the following (m + n) X (m + n) matrix:

[f'/(\?)7 » f‘(d1+d2—d1—l)’ﬂdl+d2—dx)’ ...,]‘(dl+d2_d2_1), ...,_f(dl+d2_dq—l)

f(d1+d2—d9’l)]T
/\1 /\2 /\2 /\q Yot ,\q

bl

f_(d2_l) f(d2) N f(dl—l) . f‘(d[-}—dz—dq..l) N fT(d1+d2—dq—l)]T

A A2 A2 Aq Aqg , where d,

namely, [f.f\?), ey
denotes deg; f», .

Obviously, this matrix is an upper triangle matrix when d, = 0. The determinant of
this matrix can be easily calculated for the special case, i.e., the determinant is equal to
the product of all elements on main diagonal of this matrix. This determinant is called a

partial resultant and denoted by PR(y).



Corollary 2.1 The number of distinct points of the intersection of f,(z,y), for p =
1,2,...,p, is at most equal to the degree of their partial resultant PR(y).

Example 2.1 Let us consider the number of common points on the following four curves
over GF(2%):
Pyt ty=0
2® +a(y)z? +b(y)z +c(y) =0
zy+efy) =0
v+ fy+g9=0

Y

We have the following matrix:

1 00 00 vi+y 0 0
01000 0 yvi+y 0
00100 0 0 vi+y
000 1 a(y) bly) cly) 0
00001 aly by
00000 y e(y) 0

0 00 00 0 Yy e(y)
(00000 O 0 v+ fy+g |

Thus, PR(y) = y*(y* + fy + g). Obviously, degPR(y) = 4. Therefore, the number of
distinct points of the intersection of the four curves is at most 4.
Remark (2): Here we regard f,(z,y) as a polynomial of z and the coefficients are poly-
nomials in y. We also can regard f,(z,y) as a polynomial of y and the coefficients are
polynomials in . The number of the distinct points of intersection of f,(z,y)’sis the same.
The distinct points of intersection of f,(z,y)’s obtained by the two approachs are also the
same.
Remark (3): It is sufficient and necessary that f,, for p = 1,2, ...,p, have no common
components,

Definition 2.2 Dy, r, .. ;) denotes the number of distinct points of the intersection of
curves f,(z,y) =0, forp=1,2,...,p.

Definition 2.3 Given a sequence of polynomials {f,(z,y)lp=1,2,...,r}.
D;)f) = max{D{fil’fizv"‘*fip}l)‘l’ e Ap < r},
where f:\‘“ expresses a linear combination of f; for i =1, 2, ..., A,, and the coefficient of f»,
. . . Au—
is 1, i, fi, = fa, + Tt eifie
We have the following results:

Proposition 2.1 Dy... rz y)g(z),3 < Dl fziy)d T Diglza)n)-

Proof: The set of all roots of f(z,y)g(z,y) = 0 is a union of the set of all roots of f(z,y) =0
and the set of all roots of g(z,y) = 0. We have Proposition 2.1. o



Proposition 2.2 Dy . ¢y <min{D,ylp=1,2,...,p}.

Proof: All the points of intersection of f,(z,y) = 0, for ¢ = 1,2,...,p, are the points of
fu(z,y) = 0, respectively. Therefore, we have Proposition 2.2. a
From Proposition 2.1 and Proposition 2.2, we have:

Proposition 2.3 Dy, .05y < Digy + Dy, pp}

Proposition 2.4 D 1 .1,y = Dig o po)

e (r) (r
Proposition 2.5 D, ' > quzl + 1.
Proof: Assume D;’:I_)l = D{fi,’fx'z""'f;p'f;p“}’ where A,1 < r. Let (2/,y') not be in the

intersection of the p+ 1 curves, i.e., fi,(z',y') are not all equal to zero, for u = 1,2,...,p,
p+ 1. Without loss of the generality, let f (2',y") # 0. We denote fl(“(:t’,y’) = v, for

Uy .
# =12 ...p,p+t1 Thus v, # 0. Now we define f| = f} - ff,\l, forpy=2,3,....p,p+1.

Thus, we have f/'\“(:r’,y’) =0foru=23,...p,p+ 1. Itis easily seen that if f‘(“(z*,y")
=0 forp =1,2,3,....,p,p+ 1, then fl’\“(:r*,y*) = 0 for p = 2,3,...,p,p+ 1. Therefore,

D{fin"'*fi,,'fipH} > DI(J;)I + 1. From the definition of D;r), we have D,(,r) > D,(,r+)1 + 1. The
proof is completed. 0
Remark (4): Proposition 2.5 corresponds to the monotonicity of the generalized Hamming

weights (See Theorem 1 in [2]).

3 The Generalized Hamming Weights of AG Codes from a
Large Class of Plane Curves

We are now interested in the following irreducible curves [17-18]:
24y + f(z,y) =0, (1)

where (a,b) = 1, and bi 4+ aj < ab for any z*y’ being a term in f(z,y). Miura-Kamiya
curves are special cases of (1) [19]. Since they are irreducible, any set containing one of
these polynomials has no common non-constant factor. The results of this section can be
generalized to the curves of (1), but for convenience of exposition we derive them using the
following Hermitian curve over GF(2*) as an example:

2 +yt+y=0. (2)

For (2), we define the weights of monomials as follows: w(z) = 4, w(y) = 5 and w(z'y’) =
47 + 5j. We have the following sequence of monomials:

H=1{1,zy 22 zy, y2 22, 22y, zy? 3, 29, 23y, 222, 2y, 25, aly, 32, 22, F,
2y, zty?, L )= {2')0<i<15,0< 5 <3} ={h;,hy, hs, ... . hy o hey 3

It can be checked that the weights of monomials in H form an ascending sequence:
W = {0,4,5,8,9,10,12, 13, 14, 15, ..., 62,63, 65, 66, 67,70, 71, 75}.

10



Let L(r) be the linear space spanned by the first » monomials of H. Obviously h, €
L(r) — L(r — 1). If polynomials f(z,y), g(z,y) € L(r) — L(r — 1), we say f(z,y) and
g(z,y) are consistent and write f(z,y) ~ g(z,y). In this paper, [zy’] (or h*) denotes all
polynomials that are linear combinations of z'y’ (or h, ) and its previous monomials in which
the coefficient of 'y’ (or h,) is 1, i.e., h: = h, + ZL;II c,h,. Hence we have [z'y?] ~ ziy/
and hX ~ h,. For convenience, let hg = z° 4+ y* 4+ y. Sometimes, if no confusion arises,
D{hll'hiz'“"h;p} is represented as Dy, i, .\,}- From these definitions and the results in

Section 11, we have the following lemmas.
Lemma 3.1 D{[T;y,]} < 414 55.

Proof: Let h, = z'y’ and consider any linear combination of the form hy = z'y/ +
ZL;II c.h,. Each monomial h,, 1 < p < r, has a y-exponent at most 3. Thus, z°+ y* 4+ y
is not a factor of h;. Since z° + y* + y is irreducible, h* and z°® + y* + y have no common
factors. So Theorem 2.3 applies.

The & — resultant R(y) of z° + y* + y = 0 and z'y + --- = 0 is the determinant of the
following matrix:

r -

1 0 0 0 0 vi+y O 0 0

1 0 0 0 v'+y 0 0
0 1 0 0 0 0 vty 0
0 0 0 0 0 0 vi+y |,
¥ oa(y) b(y) ... cly) O 0 0
0 ¥ a(y) by cy) 0 0 0
(00 0 0 0 Yy a(y) c(y) |

where deg a(y), deg b(y), ...,deg e(y) are all less than 4. Thus, R(y) = (v/)°(y* +y)' +-- -,
and degR(y) = 4i + 5j. The proof is completed. a

Lemma 3.2 Let ged(hy,...,hy,) = h. Then D{h;l,...,h;p} < Dy + Dizaryny,. . ereyre])s
where t <4,4>14>43>--->4,=0,and0=j; < ja<---<j <3.

Proof. Since y* = z® + y, and applying Proposition 2.3 and Proposition 2.4, we have
Lemma 3.2. a

Example 3.1 Leth, , forp=1,2,..,p, be 2%, 23, 23y, z%y?, 2242, 2y%. Thus, ged(25, 2°,
o H

23y, zy? 2%y?, zy?) = z, i.e., h = 2. From Proposition 2.4, 2% 2?2, and z%y? can be
deleted. Thus, from Lemma 3.2, we have

D261 [*] [e3 4l [+192), 2202 lz2)} S Dty + Digat) 2290152} -
Therefore, t = 3,1, = 4,2,0, and j, = 0,1,2.

11
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Theorem 3.1 D{[r‘ly“] [z*tye]} S ZL_:II(Z'# — iu+1)(ju+1 —jl), where t S 4,4 Z il > i2 >
"‘>it:0, andO:j1<j2< <Jt§3

Proof: Since deg.(z®+y*+y) > deg[z"y’] > -+ > deg.[z"y’*] and i, = 0, we can
construct PR(y) and know that deg PR(y) = Z,t::lo(iu—iuﬂ)juﬂ = Z:L;ll(iu—iu+l)(ju+l —
j1), where 7; = 0,49 = 5. Thus, the proof is completed. O

Example 3.2 D{[r"],[z2y],[y2]} <(4-2)(1-0)+(2-0)(2-0)=6.

Lemma 3.3 IfD;)r) = Dy s3,...5,} and hy, is deleted, i.e., t\ € {1,2,....,r}—{s1,52, ..., Sp},
then all factors of hy, should be deleted, i.e., it is not in the set {h, ,...,hg,} .

Proof: Suppose that

D;(;) = D{sl,.s‘g,...,sp}'
Let {ty,ta,....t,—p} = {1,2,...,7} = {s1,52,...,8p} . If hy, is a factor of hy,, then from
Proposition 2.4 and the definitions, we have

p+1°

D;()r) = D{sl,32 ..... spt — D{sl,sz,.

However, from Proposition 2.5, we have D,(f) > D;?l

vaSpyta

+ 1. Thus, we have a contradiction.
O

Definition 3.1 A set S of non-negative integer points (i, j) (i.e., i and j are non-negative
integers) is called a regular set if for (i,j) € S, we have (i',j') € S, for all 0 < ¢ < 1 and
0<j5' <.

Using the definition, we have the following result:

Corollary 3.1 For Dy, k,... k), if set {(i,5)|z'y’ € {hy,hy,...h.} = {hyg, hey, o by} )
is not a regular set, then there exists at least one set of {s1, sz, ..., 8,} with s, < ky, such
that Dyg s, 5,3 2 1+ Dk bk} -

Example 3.3 Let r = 14 and p = 6. The first 14 monomials are { 1, z, y, a2, zy,

y*, o8, 2y, zy?, yP, 2t 2y, 2%y o2y b If { ko ke Y = {0207, 11, 12 13,
14 }, then {1,2,...,r} = {ky,....,kp} = {1,3,4,5,6,8,9,10}. Obseve the set {(¢,j)|z'y’ €
{h], h37 h47 th h6y hg, h9» th}} = {(Oﬂ O)» (Oa 1)1 (27 0)7 (1! l)ﬂ (01 2)7 (21 1)? (112)1 (0’ 3)} does
not form a regular set, because (2,0) belongs to this set but (1,0} does not. If we choose
{s1, 86} = {7,9,11,12,13, 14}, then {1,2,...,7} — {51, ..., 5p} = {1,2,3,4,5,6,8,10}. The
corresponding monomials are {1,x,y, 2%, zy, y?, 2%y, y°} and form a regular set. Obviously,
Di7911,12,1314) = 1+ Da711,12,13.14). The corresponding monomial points are shown in
the following figures.

J J

I 3 )
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Theorem 3.2 Let a set of points corresponding to ki, ko, ...k, be obtained by deleting a
reqular set, and let their greatest common divisor be 1, i. e., ged(hg,, hy,, ...,hkp) = 1.
Then

D{kl,kz,...,kp} S kp - p.

(5x—1,tx—1),(8x,0) and their multiples, where A < min{5, p} and
3>t >ty> >ty >th=0and 0 =s5; <sp < - <531 <8y <4

Using Theorem 3.1 and the definition of regular set, D . ..
contained in the area obtained by these points as sentinels of the regular set (see the figure

k,} < the number of points

below), that is denoted by Dy ,.. k,}-
X
X
X
/ X .
This area contains at most k, — p points. This completes the proof. a

The following corollary can be easily seen.

Corollary 3.2 D,(f) < max{D,} +kp - p}, where {h hy,,--- h,hg } C {hy, hy, -+, h,}
and ky < kg < -+ < kp.

We show two examples to illustrate this lemma.
Example 3.4 Let us consider D{[y2],[r2y],[ry2],[y3],[r3y],[12y2],[1‘y3],[1'5],[:r4y],[1'3y2],[1‘2y3]}’p =11

an kp = 18. From Theorem 32, D{[y2],[z‘2y],[xy2],[y3],[x3y],[r2y2],[rys],[r5],[r4y],[r3y2],[1‘2y3]} S 7=
p — P

J

y
2 . T T #of O isT.
QA%

A A A L.
OCICJCJVU )

Example 3.5 Let us consider D{[y:;]’[_tsy],[y4]![xay],[rsyz’]'[ﬂys]'[xs],[rsyurayz]}, where p =9 and
kp = 21. From Theorem 3.2, D{{3] (z34],(v*].[z*4].[z*v).[£242 ). [e].[e59) [=4 9]} S 12 =k, — p.

Theorem 3.3 DY < w(h,) — w(h,).

13



Proof: Suppose D;r) = D{hzl,h:y--.,h;p}- Let ged(hg,, hy,,....;hg) = hy, ie,
{hsl , hSQ, ceey hsp} = hq X {hk“hkgv hkp}’

where

ged(hg , hg,, ..., hkp) =1.

From Theorem 3.2 and Proposition 2.3, we have
Diny hy,.mz ) < Dingy + Ding by e by} < w(hg) + kp — p.

Since k, > p, we have w(h,) — p < w(hg,) — k,. On the other hand, hy, - hy = h;, and
sp < r. This means w(hg,) + w(h;) < w(h,). Combining the above two equations, we have

w(hy) + ky — p < w(hy) + w(hy,) - w(hy) < wlh,) - w(h,).
Thus, the proof is completed. i
Corollary 3.3 Ifh, ~h,-h, for some1 < p <r, and D{h;} = w(h,), then
DY) = w(h,).
Proof: Since h, ~ h; -h,,
h, x {h;,hy,---,h,} C {hy,---,h,,--- b}

Thus, by Proposition 2.3, D,(,r) > D{h;h;,h;h;,w,h;h;} 2 D{hz}'
On the other hand, D{h;} = w(h,) = w(h,) — w(h,). From Theorem 3.3, D;)f) <
w(h,) —w(h,) = D{h;}' Therefore, Digr) = D{h;} = w(hy).

Lemma 3.4 If there is no 1 < u < r such that h, ~ h, -h,, andr — p > w(h,)}, for any
1 < v < r with that h,y ~ h? -h, and r’ < r, then

D;,’") <r-p. (3)

D;(,r) < r — p. Otherwise, ged(hg,, hg,,....,hg,) = h,,hl ~ h, - h,, and ' < r. Since
r —p > w(h,) and Theorem 3.3, D;,r) <w(h) —w(hy) <r—p. O

Example 3.6 For the Hermitian curve (2), let us consider Déle). Since Dy, = w(h,),
using Theorem 3.3, it can be easily checked that Dém) <r-p<10.

In the following we show how to find all generalized Hamming weights for an algebraic-

geometric code by one example.

14



Example 3.7 Consider r = 15 and p = 7, i.e. h, = 50 = 2° ~ y* h, = 30 = z>. We

have u = 4, because hy -h; ~ hys, i.e., wlhys) = w(hy) + w(h7)(20 = 124 8). On the other

hand, for Hermitian curves, Dp, = w(h,). Using Corollary 3.3, we have D;IS) -8

Example 3.8 Let us consider a Hermitian code C\g over GF(2%), a parity check matriz of
which is:
Hs = [13 Y, 125 Y, y21 1'31 $2yv zyQ’ y37 1‘4a 553.% 12y2» -1'3/3, 1‘59 174y]T-

We have the weight sequence: W = {0, 4, 5, 8, 9, 10, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21}
and Table 1

u | 1123|4156 8 19 11011 |12|13 |14 |15 16
why) [0(4[5(|8]9]10}12 1314 (15|16 |17 |18 | 19 |20 | 21

-]

Table 1:

With Table 1 and Theorem 3.3, we compute

D(lz) — w(hIG) = 21, DI(IIG) — W(hlg) =17, D:(316) — w(hll) = 16, DE,‘IG) — U’(hg) —13
D%is; = wihy) = 12, DE{: =whs) =9, D{”=why)=8  D{\* =uwhs) =5
DIQ = u»(hg) =4, DlG = w(hl) = 0.

Now using the monotonicity proposition, i.e. Proposition 2.5, we obtain

D{"® =7, D4 =6, D) = 3, DY) = 2, D{}® = 1.

For the last remaining value, Déle), if using Proposition 2.5, then we have only have

10 = D(716) +1< Déle) < Déle) — 1 = 11. Using Corollary 3.2, we have Déw) = 10 (see
Example 3.6). Thus, we have the following values.

D" =21, ' =17, DI = 16, D'® = 13, D{'® = 12, D{'® = 10, DI'® = 9,
p{*® =8, DI =7, DI =6, DI® = 5, DI}P) = 4, DI® = 3, D{}®) = 2, DY =1,
Di\® = o.

These terms appear in the rightmost column of Table 2.

This table allows us to compute the generalized Hamming weights, d,(C\s), as follows.
From the table, for each column h =i (i =1, 2, 3, 4, ... ), we consider the first entry that is
greater than the entry at the same row and the last column. According to Theorem 1.1, this
entry plus 1 gives a lower bound of d;(Cig). In the above table, these entries are marked by
an '*’. For example, in the column for A = 1, 16(< 21), 15(< 17), 14(< 16),13(= 13),12(=
12),11(> 10),10(> 9),9(> 8), ..., 1(> 0). Therefore, 11 is the first entry that is greater than
10 (which is at the same row and in the last column). Hence, d,(C16) > 12. Similarly we
have dg(Cls) 2 15,d3(C16) Z 16,d4(016) 2 19,d5(016) _>_ 20,d6(C16) Z 211d7(016) Z 23,
and d(Ci6) > h+ 16, for A = 8,9,10,11,...,48.

For the Hermitian code, for each z, since there are exactly 4 distinct rational points
(z,y), and for each y # 0, since there are exactly 5 distinct rational points (z,y), the
generalized Hamming weight lower bounds derived by the above approach are identical to
their generalized Hamming weights.

15



d-1=16-p+h
p | h=1] h=2 | h=3 | h=4 | h=5 | h=6 | h=7 | h=8 | h=9 | h=10 | h=11 | h=12 | D{'®
1] 16 | 17 | 18 | 19 | 20 | 21 | 22* | 23% | 24* | 25% | 26* | 27* 21
2 | 15 | 16 | 17 | 18* | 19% | 20* | 21 | 22 | 23 | 24 25 26 17
3 14 15 16 17 18 19 20 21 22 23 24 25 16
4 13 14* 15* 16 17 18 19 20 21 22 23 24 13
5 | 12 | 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 22 3 12
6 | 11* | 12 | 13 | 14 | 156 | 16 | 17 | 18 | 19 | 20 21 22 10
7| 10 | 11 | 12 | 13 | 14 | 15 | 16 | 17 | 18 19 20 21 9
8 | 9 10 | 11 | 12 | 13 | 14 | 15 | 16 | 17 18 19 20 8
9 8 9 10 11 12 13 14 15 16 17 18 19 7
10 7 8 9 10 11 12 13 14 15 16 17 18 6
11 6 7 9 10 11 12 13 14 15 16 17 5
12 5 6 7 8 9 10 11 12 13 14 15 16 4
13 4 5 6 7 8 9 10 11 12 13 14 15 3
14 3 4 5 6 7 8 9 10 11 12 13 14 2
15 | 2 3 4 5 6 7 8 9 10 11 12 13 1
16 1 2 3 4 5 6 7 8 9 10 11 12 0

Table 2:

4 Construction of Efficient Linear Codes with Small Mini-
mum Distance

In this section, three examples illustrate how the generalized Bezout theorem can be used
to construct more efficient linear codes including the algebraic geometric codes from plane
curves.

4.1 Efficient Linear Codes with Minimum Distance 4

Let us consider D;(f) over GF(2™), where the first four polynomials are {1,z,y,z?+ Bzy +

y?}, where 3 is any element with tr(3~!) = 75! 872 = 1 over GF(2™).
In the following, we will prove an important result:

Theorem 4.1 Dg‘) <2

Proof: Since the four polynomials are 1, z,y, 22+ Bzy+y?, we have the following selections:
{1,z},{1,y}, {1, 22 + Bzy + v*}; {=, 9}, {z, 2% + By + y*} , and {y,2° + Bzy + y*} .

From D3 = 0 and Lemma 2.3, D))y = Dy = Do) e2+8zv+2) = 0- Also,
from Theorem 3.4, Dy[;) ) = 1. Now we calculate the fifth selection, i.e. D] 224 8zy+42)}-
For any constants b, ¢, d, e, we calculate the number of distinct points of intersection of the
following curves:

z+b=0,
24+ Bry+yi+cey+dr+e=0.

16



We have

0 :

By+d y*+ey+e
b
1 b

1
Ry)=|1
0

i.e, R(y) = y*+cy+e+---. Thus, degR(y) = 2. From Theorem 2.3, D (2] =2+ Boy+v2]} < 2-
Now let us consider the last selection. For any constants a, b, c,d, e, we calculate the
number of distinct points of intersection of the following curves:

y+azr+b=0,
2+ Bry+y? +ey+dr+e=0.

We have
1 Bx+c z2+dz+e
R(z)=|1 az+b 0 ,
01 az + b

ie., R(z) = a®z? + b2 + 22 + dz + € — Baz? — acx — Bbx — be = (a® + Ba+ 1)2? + (d+ 3b+
ac)z +bc+b%. Since tr(B7!) = 1,a? + Ba+ 1 # 0 for all @ € GF(2™). Thus, deg R(x) = 2.
Therefore, D{[y],[:r2+ﬁ:ry+y2]} < 2.

Combining the above results, we have Dg‘” <2. o
Remark (5): For the maximal number of distinct points of intersection, the following
forms are equivalent:

y+ar+b=0,
24+ Bzy+ i +cy+dr+e=0.

and
y+az+b=0,
z2+ﬁzy+y2+dz‘+e:0.

Hereinafter, we use the second form for simplification.

.....

if the degree of R{z) is equal to —oo, i.e., R(z) is a zero, then R(z) = 0 has all z for solutions.

Theorem 4.2 Let C be a linear code with length n = 2°™ over GF(2™), which is defined
by a parity check matriz H = [1,z,y, 22+ Bzy + y*]7. Then the minimum distance of C is
at least 4.

Proof: From Theorem 4.1, Dg") = Dy s2+8zy+y?)} < 2 < 4 — 1. From Corollary 1.1, the
minimum distance of C is at least 4. O

Example 4.1 Let m = 2, and let a be a primitive element of GF(2?), 8 = a7 1.

be easily checked that a 4+ o® = 1 # 0. From Theorem 4.2, the following matriz defines a
linear code C with length 16 and minimum distance at least § over GF(2?%):

It can

2

— = O
Qe p ~
P =R
e L e
P R e -
[¥]
L o =
—— O
L R Lo =
— 0 R

1
1
o
1

OO O

R L © =

RO
[}

— O = =

Q e b

R R = =



Construction 4.1: Let n = 22¥™ The following parity check matrix H defines a linear
code C with length n = 2%™ and minimum distance at least 4 over GF(2™), i.e., C'is a
(22km 92km _ 1 — 3k, > 4) code:

H= []‘ﬂ Iy, yl'$% + /Bxlyl + y127 ”'»zkvykvxﬁ + ﬁ$kyk + yz]T,

where tr(371) = 1.

These codes are better than the Kaneda codes [21], and same as the Chen codes [21].
However, the derivations are different. The codes obtained by Construction 4.1 can be more
easily decoded than the Chen codes.

4.2 Efficient Linear Codes with Minimum Distance > 5

Let us consider Déﬂ over GF(2™), where the polynomials are {1, z,y, 2% zy, y?, z* +y2iy +
Bzy? + 3} , where v, 3 € GF(2™) and 23 + va?y + Bzy® + y° is irreducible. We have the
following theorem.

Theorem 4.3 Dg” <3.

Proof: Let D‘(:) = D{x, 005,04 I A = 1, then from Proposition 2, Dy, x;, 05043 < Dpuy =
0. If Ay = 2 or 3, then it can be easily checked that Dy, 1, 1,0} < 3. Now we need only
to consider the case of Ay = 4, i.e., D([;2] 2y],[2],[c?+r22y+Bry2 +y°]}- Let us consider the
following curves:

2 4+ay+br+c=0

zy+dy+ex+ f=0

v +gy+hr+i=0

2+ vty + By + ¥+ jy+ka+1=0

where a,b,...,l are any constants of GF(2™). We have the following partial z-resultant
matrix:

1 yy By*+k y*+iy+1 0
01 7y Byt +k v Hiy+l
0 0 1 b ay + ¢
00 0 y+e dy+ f
00 0 h v 4+ gy+1
PR(y) = (y+ e)(y* + gy + i) — h(dy + f). degPR(y) = 3. Combining the above results,
the proof is completed. a

From Corollary 1.1 and Theorem 4.3, we have the following theorem.

Theorem 4.4 Let C be a linear code with length n = 2*™ over GF(2™), which is defined
by a parity check matriz H = [1, z,y, 2% 2y, 92, 2> + y2ly + Bay® + y3]T, where z3 + y2%y +
Bzry® +y°® is a irreducible polynomial over GF(2™). Then the minimum distance of C is at
least 5.
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Example 4.2 Let m = 2, and let a be a primitive element of GF(2?). It can checked that
23 + az’y + y° is an irreducible polynomial. From Theorem 3.3.2, the following matriz
defines a linear code C(16,9,> 5) over GF(2%):

[+] ~N
[ v}

oo oo O -
—_——_ 0 O — O
— 0 OO 0 O =
— 0 © o pQ O
—_0 O P O —
0 = e e e
R R L PR P
S}
— 0 QR M QD = =
— OO0 OO0 =
_— e S D e
LR QR -
R e =R QR -
(S}
—_ o O 0 @ P -
oo 0 0 0 Q-

Construction 4.2: Let n = 22" The following parity check matrix H defines a linear
code C' with length n = 2% and minimum distance at least 5 over GF(2™), i.e., C' is a
(2%km 22km _ 1 — 6k, > 5) code:

H= [17 "'wxhyi,x?vziyia y?»l‘? + 717,21% + ﬂlﬁy? + y?v "']Ta

where zf’ + yx2y; + Bz;y? + y? are irreducible over GF(2™) for i = 1,2, ..., k.

Remark (7): The result can be generalized to the cases of any minimum distance d > 6.
The code dimension can be increased by at least one, while keeping the same code length
n = 2?™ and the minimum distance d > 6 over GF(2™) [18, 22].

4.3 Improved Klein Codes

Let us consider the Klein curve over GF(23):
By+y>+z=0. (4)

There are 22 points on the curve. Let LS be the set of all points on the curve. The LS has
the following points:

z = y = r= y= = Yy =
0 0;

1 a,a?, at;

o 1,02, af; o? 1,04, o ot 1, o, a3
a? a?, 0 a® af ot o o’ of a,a’, af;

where a is a primitive element of GF(23).
Let us consider a linear code C defined by the parity check matrix

H = [1,1',3/,11?2, TY, ‘Ta’ y2]T'

Theorem 4.5 The minimum distance of the code C is at least 6, i.e., C is a linear code
(22, 15, > 6) over GF(23).
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Proof. From Corollary 1.1, it is sufficient to prove Dé” < 4. From the definition,
(7 _
D" = max{D(p)e.0), Ditzto ot Ditylinsob Dtz vt Pisnni=o1 vy Piten1tzat 1)) Pitzaniz1w2n }-

It is easily seen that the first number is equal to zero, the second and third numbers are
at most 3, and the 4-th number is also at most 3. In the following we prove that the 7-th
number is at most 4. The proof of that the 5-th number and 6-th number are at most 4 is
similar to the case of the 7-th number.

From the definition, D ;2] [sy) [c%]} €XPresses the maximal number of distinct points of
the intersection of the following four curves:

By+yP+z=0

?+iy+jz+k=0 .
ty+ar’+by+cz+d=0" (5)
B+ fy+gr+h=0

where 1,4, k,a,b,c,d, f, g, h are any constants over GF(23). From these equations, we have
the following PR(y):

1 0 g fy+h O 0
010 g fy+h O
0010 g fyu+h
00y O 1 y3
0 0 01 7 w4k
0 0 0 a y+c by+d
It is equal to
1 0 g fy+h O 0
¢c 10 ¢ fy+h O
0 010 g fy+nh
0 0 y O 1 >
0 0 01 j wy+k
0 00O y+c by+d
It is equal to
1 g fyu+h
y 1 y°

0 y+c by+d
It equal to y* + ---. Therefore, the degree is 4. Hence, D[;2) 5y 2]} < 4- Combining

the other numbers, we have D(37) < 4. Thus, Cis a (22,15, > 6) linear code over GF(23). O
Using the result in [17,18], we can only obtain a linear code (22,14, > 6) over GF(2°).
For the current Klein code, using the Riemann-Roch theorem, we also obtain a (22, 14, 6)

Klein code.
Let us consider the another linear code C* defined by the parity check matrix

H= [13$1y1z27zyvx3+y2]T'

Theorem 4.6 The minimum distance of the code C is at least 5, i.e., C is a linear code
(22,16, > 5) over GF(2%).
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Proof: From Corollary 1.1, it is sufficient to prove D:(;s) < 3. From the definition,

(6) _
Dy = max{D(1],x n}s D{(a] e} D{ly)ix,x b D2 fz0) 12 +921} -

It is easily seen that the first number is equal to zero, the second and third number is
at most 3. In the following we prove that the last number is at most 3.
From the definition, D[,2] [zy],[z3442]) €XPresses the maximal number of distinct points

of the intersection of the following four curves:

By+1yP+2=0

2 +y’+azr+by+c=0 6
2 4drtey+f=0 ! (6)
zy+gzr+hy+:1=0

where a,b,¢,d, e, f,g,h,i are any constants over GF(23). From these equations, we have
the following PR(y):

1 0 @a y 4+ by+c
1 d ey+f O
01 d ey + f
0 0 y+g hy+i
It is equal to
1 0 a v  +by+c
0 d ey+ fx y*+by+c
01 d ey+ f
0 0 y+g¢g hy +1
It is equal to
0 / 2 bl /
X Zny"f gyify+c _ ey+f’ y2+b’y+cl
y+g  hy+:

0 y+g9g hy+:
The determinant is equal to y3 + - - -. Thus, DgG) < 3.

4.4 Improved Hermitian Codes
Let us consider the Hermitian curve over GF(2%):
P +yt+y=0

Let us consider the Hermitian code over GF(2*) defined by the following parity check

matrix:
H=[1,z,y,2% 2y, 9% 2% y° + 27

We have the following theorem.

Theorem 4.7 The minimum distance of the defined above Hermitian codes is at least 6,
i.e., the Hermitain code is a linear code (64,56, > 6) over GF(24).
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Proof. From Corollary 1.1, it is sufficient to prove Dﬁs) < 4. From the definition,
(8) _
D = max{Dy(1),e.001s Diisl.oe.ot Ditel s msds Dits2nly2) 000} Dl v 12142400 D21 1231 342411 -

It is easily seen that the first number is equal to zero, the second and third number is at
most 3. The 4th number is at most 4. In the following we prove that the last two numbers
are at most 4.

From PI‘OpOSitiOD 2.3, D{[zy],[yQ],[r3],[y3+x“]} S D{[ry],[y2],[r3]}' Using Theorem 3.1, the

right side is at most 4. Thus, the 5-th number is also at most 4.

Now let us consider the 6-th number. From Proposition 2.4,

D22 (24} e g2 +24)} = DY) lzel v +27])

From the definition, Dy(;2]ry) (y3++4]} €XPresses the maximal number of distinct points
of the intersection of the following four curves:

B +yt+y=0

'+ P +ay?+by+cx+d=0 .
24 ady +by+cdz+d =0 ) (7)
zy+a”y2+b"y+c"a:+d”:0

where a, b, ¢, d,a’, b, ¢, d',a" b", c", d" are any constants over GF(2%). From these equations,
we have the following PR(y):

1 0 0 ¢ v +ay:+by+d

1 ¢ dy?+bdy+d 0 0

01 ¢ ady*+by+d 0

0 0 1 c ady?+dy+d

0 0 0 y+cll a”y2 + b//y + d”
It is equal to

10 0 c v +ay’ +by+d

0 ¢ ady*+by+d ¢ Y 4ay?+by+d

01 ¢ ady*+by+d 0

0 0 1 c ay?+by+d

0 0 0 y+C” a”y2 + b/ly + d/l

It can be easily seen that when a’ = 0 and a” = 0, the determinant is equal to y* + - - -.
The degree is equal to 4. When a’ # 0, the 6-th number reduces to the 5-th number, i.e.
D{[r2],[1'y],[.7:3],[y3+.r4]} reduces to D{[zy],[y2],[x3],[y3+a:4]}- When a” # 0, the the 6-th number
reduces to the 4-th number. Thus, the 6-th number is also at most 4. Therefore, the 6-th
number is at most 4. O

Using Riemann-Roch Theorem, the current AG code with d > 6, r should be d+g—-1 =
11. That means the linear code (64, 53, > 6) defined by H' = [1, z,y, 2%, zy, y%, 23, 2%y, 29,
y%, 47 has the minimum distance d > 6. Using the construction in [18], an improved
Hermitian code defined by H' = [1, z,y, 2%, zy, 2, 2%, 3>, 247 is a linear code (64,55, > 6).
The new code is more efficient.
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5 Conclusions

It is well known that Bezout’s theorem can be used to determine an upper bound of the
number of common points of two plane curves. In this paper, we first reduce the deter-
mination of a lower bound of a linear code’s minimum distance and generalized Hamming
weights to the determination of the number of distinct points of the intersection of several
curves. Then, we present a generalized Bezout theorem and a new approach to determine
the minimum distance and the generalized Hamming weights. We also present a new con-
struction of linear codes with any length n over GF(2%) with minimum distance 4 and > 5.
The codes with d = 4 have been used in computer memory systems. The new codes have
applications not only in computer memory systems but also in distributed systems [24, 25],
CD audio, Video disk, and CD ROM.

In this paper, we discuss only the case in two-dimensional affine spaces. Qur results
should generalize to high-dimensional affine spaces.
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